Abstract. The early detection of colorectal cancer originating from any part of the colorectum is desirable because this cancer can be cured surgically if diagnosed early. We searched for marker genes for a fecal RNA-based colorectal cancer screening method by comparison of genome-wide expression profiles among cancerous and non-cancerous tissues, and healthy volunteer-and cancer patient-derived colonocytes from the feces, and the peripheral blood. Of 14,564 genes, only 3 (PAP, REG1A, and DPEP1) were selectable as final candidates which were expressed frequently at any stage of this cancer and were suppressed in non-cancerous tissues and also in the peripheral blood and colonocytes of healthy volunteers. Next, we directly compared fecal RNA-expression profiles between colorectal cancer patients and healthy volunteers, and found that most of the genes (92%) expressed in the colonocytes of the cancer patients were not expressed in those of the healthy volunteers. Six genes (SEPP1, RPL27A, ATP1B1, EEF1A1, SFN, and RPS11) selected randomly from 85 cancer patient-derived colonocyte-specific genes were evaluated. In total, reverse transcription-polymerase chain reaction or focused microarray of all those 9 genes detected 18 (78%) of 23 curable colorectal cancers (Dukes stages A-C), 9 or 10 (64% or 71%) of 14 early cancers with no lymph node metastasis (Dukes stage A or B) and 4 (80%) of 5 rightsided cancers. Our extensive gene list provides other markers for fecal RNA-based colorectal cancer screening.
Introduction
Colorectal cancer is a common malignancy which is curable by surgical resection if diagnosed at a sufficiently early stage (stage I/Dukes stage A or stage II/Dukes stage B). Five-year survival rates on surgical resection, for example, at Dukes stage A, Dukes stage B and stage III/Dukes stage C are 95%, 80% and 50-60%, respectively. For stage IV/Dukes stage D, curative resection is impossible. Therefore, early detection of this cancer originating from any part of the colorectum is desired. For mass cancer screenings, a simple, economic, and noninvasive method of cancer detection is required. The Hemoccult test is currently used in many countries for this purpose (1) (2) (3) (4) (5) . However, this test is nonspecific and is not sufficiently sensitive to detect early-stage cancer, although a higher sensitivity has been reported for the advanced stage (6) .
For fecal DNA-based colorectal cancer screening, in 1992, Sidransky first reported Ras oncogene mutations in the fecal DNA of patients with curable colorectal cancer (7) . To date, many screening methods based on mutated DNA detection in the feces have been reported (8) (9) (10) (11) (12) (13) (14) (15) (16) (17) (18) (19) . These methods, however, are time-consuming and are not sufficiently sensitive. The major reason for this inaccuracy is the fact that fecal DNAs are derived from an enormous number and variety of bacteria and normal living cells including normal colorectal mucus cells, lymphocytes, red blood cells and anal squamous cells. Immunocytochemical analysis provides a simple method; however, this method is insensitive because only the surface portion of the feces can be assayed. On the other hand, Tarin and colleagues first reported that cancer-specific CD44 splicing variants are useful for fecal RNA-based colorectal cancer screening (20, 21) . By the use of the repetition of the Percoll centrifugation method for isolating the colonocytes from feces, we have also demonstrated that unusual CD44 variants could be targets for cancer-detection using feces (22) . However, the method is found to distort the morphology of colonocytes and to have a low retrieval rate. Accordingly, the sensitivity of this mRNA-based method also appears to be insensitive.
In any method for colorectal cancer detection using feces, an effective method which allows the simple isolation of the colonocytes from not only the surface but also the central portion of the feces while maintaining the initial morphology is needed. Recently, we successfully developed a new, very effective method that is based on the filtration of the homogenates of feces and magnetic cell sorting (MACS) with an epithelial cell-specific antibody, which we here abbreviated to FMCI (filtration and MACS-based colonocyte isolation) (23) . It has been shown that this method can provide a high quality of colonocyte DNA or RNA for molecular biological analysis and also provide the colonocyte with its original morphology for cytology. Considering the advantage in the use of FMCI, we here report expression profiling of colonocytes for fecal RNA-based detection of curable colorectal cancer and a sensitive focused microarray assay that uses multiple marker genes for detecting minimal cancer cells in the feces of patients with colorectal cancer.
Materials and methods
Clinical materials. This study protocol was reviewed and approved by the Institutional Review Board of the National Cancer Center, Tokyo. Written informed consent was obtained from all the patients and healthy volunteers. Before surgical resection, stool samples were obtained from 23 patients with colorectal cancer (Dukes stages A-C), for which curable resection is possible, and from 15 healthy volunteers a few weeks after they had undergone a total colonoscopy. Naturally evacuated feces from subjects who had not taken laxatives were used as stool samples. Each patient was instructed to evacuate into a polystyrene disposable tray (AS one, Osaka, Japan) measuring 5x10 cm in size. Preparation of the stool samples for examination was conducted within 1-6 h after the evacuation. Tissue samples were obtained from the surgically resected specimens of colorectal cancer patients, and were snap frozen in liquid nitrogen and stored at -80˚C until use. RNA of the tissues was extracted by using an Isogen kit (Nippon Gene, Toyama, Japan). The peripheral blood samples of 58 healthy volunteers and their RNA were prepared as in our previous report (24) .
Isolation of exfoliated cells from feces.
The procedure is detailed in our previous report (23) . In brief, approximately 5-10 g of feces was used to isolate exfoliated cells. Feces were collected in Stomacher Lab Blender bags (Seward, Thetford, UK). The stool samples were homogenized with a buffer (200 ml) consisting of Hank's solution, 25 mM Hepes (pH 7.35), and 10% fetal bovine serum at 200 rpm for 1 min using a Stomacher (Seward). The homogenates were then filtered through a nylon filter (pore size, 512 μm), followed by division into 5 portions (40 ml each). Subsequently, 40 μl of magnetic beads coated with a mouse IgG1 monoclonal antibody (mAb Ber-EP4) specific for the glycopolypeptide membrane antigen Ep-CAM, which is expressed on most normal and neoplastic human epithelial cells (Dynal, Oslo, Norway), was added to each portion, and the mixtures were incubated for 30 min under gentle rolling in a mixer at room temperature. After 15-min shaking, the colonocytes were recovered from 5 tubes. The colonocytes from a single tube were stored at -80˚C for RNA extraction. The colonocyte RNA was extracted by using an Isogen kit (Nippon Gene, Toyama, Japan).
Microarray analysis. We used human U133A Gene Chip (Affymetrix, Santa Clara, CA) for genome-wide expression profiling of mRNAs corresponding to 14,564 genes, 18,445 transcripts including splicing variants, and 22,215 probe sets. The procedures were conducted according to the supplier's protocols. Briefly, 10 μg of fragmented cRNA was hybridized to the microarrays in 200 μl of a hybridization cocktail at 45˚C for 16 h in a rotisserie oven set at 60 rpm. The arrays were then washed with a nonstringent wash buffer (6X SSPE) at 25˚C, followed by a stringent wash buffer [100 mM MES (pH 6.7), 0.1 M NaCl, and 0.01% Tween-20] at 50˚C, stained with streptavidin phycoerythrin (Invitrogen, Carlsbad, CA), washed again with 6X SSPE, stained with biotinylated antistreptavidin IgG, followed by a second staining with streptavidin phycoerythrin and a third wash with 6X SSPE. The arrays were scanned using a GeneArray scanner (Affymetrix) at 3-μm resolution, and the expression value (average difference: AD) of each gene was calculated using GeneChip Analysis Suite version 5.0 software (Affymetrix). The mean of AD values in each experiment was 1000 to reliably compare variable multiple arrays.
Reverse transcription-polymerase chain reaction (RT-PCR).
RT-PCR on colonocyte RNA was carried out using primer sets designed for detecting the 3' side of cDNA of each gene. Primers were 5'-ACCAGTGTGAGGACTCACCC-3' and 5'-TGCTCTTTAAAGCCTTAGGCC-3' for PAP; 5'-AGCAAT TACAACGGAGTCAA-3' and 5'-TCCAAAGACTGGGGT AGGT-3' for REGIA; 5'-TCTCTCCTGTGAAACCTGGG-3' and 5'-AAGGGGTGTTGCTTTTATTGC-3' for DPEP1; 5'-ATTAGCAGTTTAGAATGGAGG-3' and 5'-CTGTATCCA ATTCTGTACTGC-3' for SEPP1; 5'-TGGGCTGCCAACAT GCCATC-3' and 5'-TGTAGTAGCCCGATCGCACC-3' for RPL27A; 5'-GGCAAGCGAGATGAAGATAAGG-3' and 5'-AGGTCCCATACGTATGACAG-3' for ATP1B1; 5'-AGAC TATCCACCTTTGGGTCG-3' and 5'-GATGCATTGTTATC ATTAACCAGTC-3' for EEF1A; 5'-TTGAGCGCACCTAA CCACTGGT-3' and 5'-GAGAGGAAACATGGTCACACC CA-3' for SFN, and 5'-ACATTCAGACTGAGCGTGCCTA-3' and 5'-GATCTGGACGTCCCTGAAGCA-3' for RPS11. PCR was performed under conditions of 30-35 cycles of 3 steps of temperature, 95˚C for 1 min, 55˚C for 1 min, and 72˚C for 1 min, using the AccuPrime TaqDNA polymerase system (Invitrogen).
Marker gene detection using focused microarray. A focused microarray was constructed by fixing 50-60 mer of oligonucleotide probes on a slide glass using our previously developed Bubble Jet Technology (25) . The microarray contained a single spot for each sequence of 9 marker genes (PAP, REG1A, DPEP1, SEPP1, RPL27A, ATP1B1, EEF1A1, SFN, and RPS11) and a control artificial DNA sequence. Each probe sequence used for the microarray is listed in Table I .
Focused microarray analysis consists of 3 steps: i) Cy3-dUTP labeling by multiplex-RT-PCR; ii) hybridization Cy3-labeled cDNA to microarray, and iii) fluorescence scanning (Fig. 3) . Using 0.5 to 1 μg of total RNA prepared from colonocytes, reverse transcription was performed with Superscript II (Invitrogen) with T7-oligo dT 24 primer in a total volume of 20 μl according to the manufacturer's protocol. To obtain 5-10 μg of cRNA, T7 transcription was performed. Using 5-10 μg of the cRNA, reverse transcription was performed with Superscript II with random hexamer in a total volume of 20 μl. Multiplex-RT-PCR was performed in two tubes at different PCR cycles: 35 cycles for PAP, REG1A and DPEP1, and 25 cycles for SEPP1, RPL27A, ATP1B1, EEF1A1, SFN, and RPS11. PCR primer sequences are also listed in supplementary Table II . Twenty-five μl of the PCR solution in each tube consisted of 1 μl of template cDNA, primers (6.25 pmol each), 50 μM Cy3-dUTP, 2.5 μl of AccuPrime 10X buffer1 (2 mM dNTP, 15 mM MgCl 2 ) and 1.0 μl of AccuPrime Taq polymerase (Invitrogen). A thermal cycler was set with initial heating at 95˚C for 5 min followed by an amplification cycle heated at 95˚C for 30 sec, 58˚C for 30 sec and 72˚C for 40 sec, followed by heating at 72˚C for 10 min. The two PCR solutions were mixed and purified with a QIAquick PCR purification kit (Qiagen, Tokyo, Japan). The entire Cy3-labeled cDNA solution (50 μl) was mixed in 120 μl of a hybridization cocktail (6X SSPE containing 900 mM NaCl, 60 mM NaH 2 PO 4 , and H 2 O, and 6 mM EDTA, pH 7.4/ 10% formamide/0.05% SDS) including 0.1 nM Cy3-labeled oligonucleotide which hybridizes the control artificial DNA sequence. By using a hybridization apparatus, HybStation (Genomic Solutions, Ann Arbor, MI), an array was preheated to 65˚C for 3 min, filled with the hybridization cocktail, and incubated at 92˚C for 2 min and then at 55˚C for 4 h. Subsequently, the array was washed with 2X SSC, 0.1% SDS at 25˚C and then with 2X SSC at 20˚C, and rinsed with 0.1X SSC in accordance with a conventional manual, and finally dried by a spin drier. The array was scanned by an apparatus for DNA microarrays, Genepix 4000B (Axon Instruments, Union City, CA) and the fluorescence intensity from each probe spot was obtained after subtracting the background level. This focused microarray assay belongs in a negative or positive assay. However, it is required for determining the cutoff values. In this study, the maximum value of each gene plus 2-or 3-times standard deviation in 7 healthy volunteers was used as the cutoff-value.
Results
Marker gene selection through genome-wide expression profiles of cancer tissues, non-cancerous tissues, and the peripheral blood. In the feces of colorectal cancer patients, living cells other than bacteria include a small amount of cancer cells and normal colorectal mucus cells, lymphocytes, red blood cells and anal squamous cells. It is noted that the content of lymphocytes and red blood cells is increased in the feces of people with hemorrhoids. Therefore, genes that are expressed in almost all cases of early and advanced colorectal cancer and that are not expressed in normal colorectal mucosas, Table I . Sequences of primers and probes for focused microarray analysis. Table II . Eighty-five genes expressed in the cancer patient-derived colonocytes but not in the healthy volunteer-derived colonocytes. 
-----------------------------------------------------------------------------------------------------No. Gene symbol Gene title Entrez gene ID No expression in the PB -----------------------------------------------------------------------------------------------------

----------------------------------------------------------------------------------------------------(*)
Genes that were expressed in the cancer patient-derived colonocytes but not in either the healthy volunteer-derived colonocytes or the peripheral blood (PB) mixture.
-----------------------------------------------------------------------------------------------------
be that the expression profile of early cancer varies from case to case. Of 14,564 genes, we were able to select 65 genes which were expressed not in the normal colorectal mucosa mixture but in more than 4 of the 6 early cancers and in all of the 3 advanced cancer mixtures.
Considering bleeding by nonmalignant diseases such as hemorrhoids, which often give false positives in fecal colorectal cancer screening, we selected 15 genes from the 65 genes, because the expression of all the other 50 genes was detectable in a peripheral blood mixture of 58 healthy volunteers when a highly sensitive nested RT-PCR analysis with outer and inner primer sets was performed (data not shown). Next, we examined the frequency of the expression of these 15 genes in 30 colorectal cancer tissues (10 Dukes stage A, 12 Dukes stage B, and 8 Dukes stage C or D cancers), and selected, by RT-PCR, 7 genes (PAP, REG1A, DPEP1, SLC21A12, REG1B, SFRP4, and STK12) as the frequently expressed genes at any stage of colorectal cancer (Fig. 1) . By RT-PCR, we lastly checked the expression of these 7 genes in RNA samples of the colonocytes of 15 healthy volunteers, which were isolated from the feces by FMCI (23) . No mRNA expression of 3 genes (PAP, REG1A, and DPEP1) was detected in the colonocyte samples of all the 15 healthy volunteers; however, the other 4 genes (SLC21A12, REG1B, SFRP4, and STK12) were found to be expressed in some samples (data not shown). This fact may be due to the contamination of anal squamous cells, which were dissociated from the anus and survived in the feces, because our gene selection process can minimize the effect on the contamination of lymphocytes, red blood cells and dissociated normal colorectal epithelium. Under the above criteria, only 3 genes were selected as the final candidates for the fecal RNA-based early detection of colorectal cancer.
Marker gene selection by comparison of expression profiles between healthy volunteer-and cancer patient-derived colonocytes from the feces. Next, we obtained and compared 5 gene expression profiles of 4 colonocyte RNA samples (CF15, CF17, CF18, and CF25), which were isolated from the feces of 4 colorectal cancer patients by FMCI, and a colonocyte RNA mixture (HVF) of 7 healthy volunteers. Of 14,564 genes, the number of detectable genes in 5 colonocyte samples, CF15, CF17, CF18, CF25, and HVF is 768, 603, 772, 459, and 326, respectively. The number of detectable genes in the colonocyte is approximately 6.5% of that (11, 343) in the colorectal cancer tissue. The major reason seems to be that most colonocytes are not in the cell division cycle but are resting, because the detectable gene number (1,535) in the peripheral blood composing such resting cells was also small. Unexpectedly, 716 (93%), 553 (92%), 712 (92%), and 424 (92%) of the above detectable genes (768, 603, 772, and 459) in the the colonocytes of the cancer patients were not expressed in those of the healthy volunteers. The huge difference of the colonocyte expression profiles between the colorectal cancer patients and the healthy volunteers might lead to success in gene selection for fecal RNA-based early detection of colorectal cancer. Eighty-five genes, whose expression was found in 3 or 4 of the 4 colorectal cancer patient samples (CF15, CF17, CF18, and CF25) but not in the HVF, were identified (Table II) . Of these 85 genes, 29 (34%) were found to encode ribosomal proteins (RPLs or RPSs). In the course of a series of studies, it is predicted that normal mucous cells will die and be exfoliated during turnover and that the colorectal cancer cells will survive for a long time in the isolation processes as well as in the feces (22, 23) . Therefore, protein synthesis in the cells would be maintained actively for cancer cell survival under these conditions. The FMCI can minimize the contamination of both lymphocytes and red blood cells because the FMCI contains the enrichment process of epithelial cells such as colorectal cancer cells, the contaminated anal squamous cells, and a few living cells dissociated from the normal colorectal mucosa by MACS (23) . Therefore, expression status in the peripheral blood is not needed for the gene selection process for fecal RNA-based screening; all of the 85 genes are expected to be good markers if the colonocytes are isolated by FMCI.
RT-PCR and focused microarray analyses of 9 selected genes in 30 colonocyte RNA samples. Next, we performed RT-PCR of the first 3 identified genes (PAP, REG1A, and DPEP1) in the colonocyte RNA samples which were prepared from 23 curable colorectal cancer patients (Dukes stages A-C) and 7 healthy volunteers. The 23 colorectal cancer patients were 8 (Fig. 2) . To test the power of the 85 genes, which were identified by colonocyte gene expression profiling, we randomly selected 6 (SEPP1, RPL27A, ATP1B1, EEF1A1, SFN, and RPS11). RT-PCR of these 6 genes detected 16 (70%) of the 23 cancers as at least positive for 1 gene whereas no positive gene was found in any of the healthy volunteers (Fig. 2) . No or a quite low signal of all the 9 genes was found in another RT-PCR experiment with 8 healthy volunteers (data not shown). In total, RT-PCR of those 9 genes detected 18 (78%) of the 23 cancer patients (Fig. 2) . The 18 patients detected were 4 with Dukes stage A, 5 with Dukes stage B, and 9 with Dukes stage C cancers; 4 were right-sided and 14 were left-sided cancers. Therefore, 9 (64%) of the 14 early cancers (Dukes stage A or B), which have no lymph node metastasis, and show a good prognosis, were able to be detected. Importantly, 4/5 (80%) of the right-sided colorectal cancers were detected, which have been reported to be very difficult to detect by any feces-based molecular biological method, because most right-sided cancerderived colonocytes are severely damaged from remaining for a long time in the feces.
For fecal RNA-based detection of early colorectal cancer, quantitative real-time RT-PCR is thought to hardly apply in the colonocyte because the expression level of housekeeping genes was highly varied from sample to sample (Fig. 2) . The expressional variation could be explained by the difference of the physiological condition of colorectal cancer cells and anal squamous cells isolated from the feces by FMCI. All of the 9 genes were selected as cancer cell-or cancer patientderived colonocyte-specific genes. Therefore, a negative or positive assay was thought to be sufficient for fecal RNAbased colorectal cancer detection. Accordingly, we developed a multiplex RT-PCR-based microarray assay for evaluating the above RT-PCR results and for providing an effective imaging tool for mass cancer screenings (Fig. 3) . The Cy3-labeled cDNAs prepared by multiplex RT-PCR in a single tube were hybridized with 9 gene sequences on a focused microarray, which was manufactured by our previously developed Bubble Jet Technology with a small modification (25) . Hybridization signals and the number of positive genes in the above 23 cancer patient-derived colonocyte RNA samples and 7 healthy volunteer-derived colonocyte RNA samples are shown in Fig 4. In total, a high concordance was observed between the focused microarray and RT-PCR. The focused microarray detected 18 (78%) of the 23 cancer patients. Ten (71%) of the 14 early cancers (Dukes stage A or B) and 4 (80%) of the 5 right-sided cancers were detected.
Discussion
Although the number of samples examined in this study is considered to be small, the evidence suggests that these successful results could be obtained from the high-quality of the RNA of the colonocytes, which were isolated by FMCI. From a practical point of view for mass cancer screenings, it is noted that the same number of colonocytes from fecal Figure 2 . Results of RT-PCR of 9 genes (PAP, REG1A, DPEEP1, SEPP1, RPL27A, ATP1B1, EEF1A1, SFN, and RPS11) in the colonocyte RNA samples from 23 curable colorectal cancer patients and 7 healthy volunteers. We performed RT-PCR of the first 3 identified genes (PAP, REG1A, and DPEP1) in the colonocyte RNA samples which were prepared from 23 curable colorectal cancer patients (8 Dukes stage A, 6 Dukes stage B, and 9 Dukes stage C) and 7 healthy volunteers. Next, to test the power of the 85 genes, which were identified by colonocyte gene expression profiling, we randomly selected 6 (SEPP1, RPL27A, ATP1B1, EEF1A1, SFN, and RPS11), and performed RT-PCR on the same samples. In total, RT-PCR of those 9 genes detected 18 (78%) of the 23 cancer patients, and 9 (64%) of the 14 early cancers (Dukes stage A or B) were detected; however, the expression of all of the 7 genes was hardly detected in the 7 healthy volunteers (upper panel). The expression level of housekeeping genes such as ACTB (ß-actin) was highly varied from sample to sample (lower panel). KNS2 encoding kinesin 2 was selected, by microarray analyses, as a gene expressed constantly in any colonocyte RNA sample; however, the expression level was also varied. Open circles indicate positive RT-PCR product, and numbers indicate the number of the positive genes in each sample. (Fig. 2) . materials 6 h to 3 days after evacuation can be obtained if the feces are kept at 4˚C (23) . However, if conventional fecal RNA preparation methods without the epithelial cell enrichment process are used for colorectal cancer screening, we have to consider the contamination of blood in the feces, which derives from nonmalignant diseases. Considering the use of such methods, to this end we further provided 56 genes, which were expressed in the cancer patient-derived colonocytes but not in either the healthy volunteer-derived colonocytes or the peripheral blood mixture (Table II) . This study suggests that the fecal RNA-based method could be a promising procedure for the detection of early or right-sided colorectal cancers. We recently developed a very effective focused microarray assay for detecting minimal gastric cancer cells in peritoneal washings, demonstrating a specificity and sensitivity equal to or better than cytology in two large specialist hospitals with trained cytologists (26) . Therefore, the focused microarray assay could provide an effective imaging tool for mass screening, and our extensive gene list provides useful markers.
